Abstract. Thermometry over broader temperature ranges below 4 K usually requires the application of different thermometers to have sufficient precision and accuracy. We have developed dc SQUID-based noise thermometers which cover the temperature range from 4 K to below 10 mK. The working principle is based on the detection of thermal magnetic flux noise generated by noise currents in a metallic temperature sensor. The noise thermometers exhibit a linear characteristic via the Nyquist relation, are fast, compact, and easy to use. The current sensing noise thermometer and the magnetic field fluctuation thermometer we present can be designed to meet different requirements concerning speed and accuracy of the temperature measurement. In both variants the temperature sensor and the SQUID are located at the same temperature level. Experimental results will be given for the characteristics of the thermometers as well as for comparison measurements with the PLTS-2000. A commercial noise thermometer version now is available through the company MAGNICON.
Introduction
Noise thermometry is based on the fundamental Nyquist formula, which results from the fluctuation-dissipation theorem [1] . It links the mean square of the voltage fluctuations U 2 caused by the thermal agitation of electric charges in an unbiased conductor to thermodynamic temperature T: U 2 = 4k b TR∆f, where k b is the Boltzmann constant, R the resistance of the conductor, and ∆f the frequency band of the measurement. For frequencies below 1 MHz, the Nyquist relation holds down to millikelvin temperatures. Diverse variants of noise thermometers mainly differ in the way how U 2 is measured. In this paper, we present noise thermometers for use as practical low-temperature thermometers. Using the Nyquist relation for primary thermometry requires the determination of all parameters of the measurement system such as gain, nonlinearity, frequency band, influence of filters and stray impedances. To avoid this extensive task, we apply the noise thermometers as secondary thermometers by calibrating the parameters at a single known reference temperature. This can be done in a region where reference temperatures with sufficiently low uncertainty are available such as superconductive reference point samples or calibrated resistance thermometers.
Design of the noise thermometers
For the noise thermometers highly-sensitive and easy-to-use low-T c dc SQUIDs are used. The details of the SQUID design and the electronics can be found in [2] . 
The current sensing noise thermometer (CSNT)
In the CSNT [3] a metallic temperature sensor with resistance R is directly inserted into the superconducting input loop of the SQUID (Figure 1(a) ). The thermal voltage fluctuations in the sensor give rise to fluctuating noise currents in the input loop that are transformed into fluctuations of magnetic flux threading the SQUID loop. The analysis of the resulting thermal magnetic flux noise (TMFN) sensed by the SQUID in the frequency domain gives for the corresponding power spetral density (PSD):
The PSD exhibits a first order low-pass frequency dependence with a characteristic fall-off frequency of the detected noise Figure 1(b) shows the 2*3 mm 2 layout of the CSNT chip. The temperature sensor, a Pdthin-film resistor with 10 −3 mm 3 volume and a resistance of about 1 mΩ (marked by the green area at the right), is connected to a SQUID-current sensor with an input inductance of less than 2 nH. The values for R and L were chosen to have a broad bandwidth at a high signal-to-noise ratio. The contact pads for electrical connections are shown at the left. In the experiments, the CSNT chip is directly glued to the object which temperature is to be measured.
The magnetic field fluctuation thermometer (MFFT)
The metallic temperature sensor of the MFFT [4] has, in contrast to the CSNT, no electrical connection to the input loop of the SQUID (Figure 1(c) ). Here, the noise currents inside the temperature sensor cause magnetic-field fluctuations above its surface. These magnetic-field fluctuations are inductively detected by a SQUID magnetometer as TMFN. According to [5] , the PSD of the TMFN above a thin conducting plate is given by:
where S 0 (T) is the zero-frequency value of S Φ (f, T), f c the characteristic fall-off frequency of the TMFN, and a and b are constants of the order of one. For a fixed geometry of the SQUID magnetometer and the temperature sensor, S 0 (T) is proportional to temperature and conductivity of the sensor. If the temperature sensor is made of a pure metal containing no magnetic impurities, the conductivity can assumed to be constant in the temperature range of interest here. In this case, f c , a and b are also constant and S Φ shows a frequency dependence of "low-pass-like" form that is independent of temperature. The fall-off frequency is determined by the geometry of the metallic temperature sensor, its distance to the magnetometer [5] and conductivity. We have optimized the sensor-magnetometer configuration to obtain both a high TMFN signal and a high f c [6, 7] . In our MFFT setup (Figure 1(d) ) a 120 to 380 µm thick 3*3 mm 3 SQUID-gradiometer chip is glued onto a high purity copper body of about 35 mm length. The total copper volume is approximately 1200 mm 3 whereas the thickness of the copper part underneath the chip is thinned to about 200 µm. For parasitic noise reduction, the whole setup is encapsulated in a Nb cylinder.
Experiments
To evaluate the properties of the noise thermometers, we have compared them to a high accuracy realization T 2000 of the PLTS-2000. Provided the conductivity of the temperature sensor is independent of temperature, it follows from equations (1) and (2) that the zero-frequency values S 0 (T) of the PSD for both the CSNT and the MFFT are proportional to temperature. To operate the thermometers in secondary mode we have calibrated them at a reference temperature
From a fit of the TMFN spectra to equations (1) and (2) the device characteristic parameters of the PSDs were determined at T ref . Then, keeping these parameters unchanged, the unknown temperature T was calculated using the relation:
where S 0 (T) was obtained at T. Figure 2 and Figure 3 . The uncertainties are marked by error bars or are lower than the point size. The TMFN spectra recorded at stabilized temperature plateaus are depicted in the inserts and exhibit the expected "low-pass-like" form. The spectra with higher absolute values of TMFN correspond to higher temperatures.
The results of the comparison of the temperatures measured with the CSNT and MFFT, T CSN T and T M F F T , with the PLTS-2000 and ITS-90 are shown in
For the CSNT, the spectra were taken in the frequency interval from 0 Hz to 51.2 kHz with 1600 lines and averaged 10000 times. The fall-off frequency f c of the TMFN is about 46 kHz allowing very fast measurements with low statistical uncertainty. The deviation of the calculated temperatures T CSN T from T 2000 as well as the estimated relative expanded uncertainties (k=2) of T CSN T are well below 1% down to 0.1 K. For even lower temperatures the deviations and uncertainties increase. We attribute this to a thermal decoupling of the electron system in the Pd thin film, which temperature is measured by the CSNT, caused by the electron-phonon bottleneck [8] . The application of a Pd film of larger volume and with higher purity or of another conductor material with stronger electron-phonon coupling for the temperature sensor should reduce this effect.
The excellent linearity of the MFFT from 0.007 K to 0.7 K we have demonstrated in [7] . Here, we have used a gradiometer chip with a thickness of about 120 µm -nearly a third of that used in [7] . This resulted in TMFN and f c values which were more than doubled. For the temperature range up to 4.2 K, MFFT spectra were taken in the frequency range from 0 Hz to 1600 Hz with 800 lines and averaged 44000 times, except the spectrum at 4.2 K that was averaged only 1000 times. The relative deviations of the linear fit of the T M F F T values from the reference scales T 2000 and T 90 are below 0.3% in the whole temperature range. Because the MFFT temperature sensor is designed as a massive copper part which can be thermally anchored very well to the object to be measured, thermal decoupling of the MFFT presents no problem down to the lowest temperatures.
As evidenced by the results, the temperatures measured with the CSNT and MFFT are linear in terms of our reference scales T 2000 and T 90 over more than two decades in temperature. From this follows that the assumption of a temperature independent conductivity of the metallic temperature sensors is proved within the measurement uncertainties and the application of equation (3) is justified.
